Cyanobacteria contamination ofwater has become a growing public health problem worldwide.
Microcystis aerginosa is one of the most common toxic cyanobacteria. It is capable ofproducing microcystins, a group of cyclic heptapeptide compounds with potent hepatotoxicity and tumor promotion activity. The present study investigated the effect ofmicrocystic cyanobacteria on primary cultured rat hepatocytes by examning mitochondrial membrane potential (MMP) changes and intacellular reacve oxygen species (ROS) formation in cells treated with lyophilized freshwater microcystic yanobacteria extract (MCE) . Rhodamine 123 (Rh-123) was used as a fluorescent probe for changes in mitochondrial fluorescence intensity. The mitoondrial Rh-123 fluorescence intensity in MCEtreated hepatocytes, examined using a laser confocal microscope, responded in a dose-and time-dependent manner. The results thus indicate that the alteration of MMP might be an important event in the hepatotoxicity caused by cyanobacteria. Moreover, the parallel increase of ROS formation detected using another fluorescent probe, 2',7'-dichlorofluorescin diacetate also suggests the involvement of oxidative stress in the hepatotoxicity caused by cyanobacteria. The fact that MMP changes precede other cytotoxic parameters such as nudear staining by propidium iodide and cell morphological changes suggests that mitochondrial damage is closely associated with MCEinduced cell injury in cultured rat hepatocytes. Key work cyanobacteria, hepatocytes, hepatotoxicity, microcystin, mitochondrial membrane potential, reactive oxygen species. Environ Health Perspect 106:409413 (1998). [Online 12 June 1998] http://ehpnet1.nnies.nihgolv/docs/19981106p409-413dinglabstract.htmI Contamination of water by toxic blooms of cyanobacteria (blue-green algae) has occurred widely in many regions of the world and poses a serious public health problem (1,4. Among the huge family of cyanobacteria, Microcystis aeruginosa is the most common toxic species. Microcystis is able to produce microcystins, a group of cyclic heptapeptide compounds with potent hepatotoxicity and tumor promotion activity (3) (4) (5) .
At present, the exact mechanisms by which microcystins induce hepatotoxicity and tumor promotion have not been fully elucidated. One of the well-studied mechanisms is that microcystins are potent inhibitors of protein phosphatase 1 and 2A, leading to increased protein phosphorylation, which is directly related to their cytotoxic effects and tumor-promoting activity (1, 6) . There is also some preliminary evidence indicating that oxidative damage plays an important role in the hepatotoxicity of microcystins. An earlier study in our laboratory demonstrated that oxidative stress is implicated in the hepatotoxic effects of cyanobacteria extract in cultured rat hepatocytes (7) , which is consistent with some other reports showing the inhibitory effects of antioxidants on the toxicity of microcystins (8) (9) (10) .
Mitochondria are among the most important subcellular organelles in maintaining cellular structure and function by providing more than 80% of energy requirements through ATP production. Moreover, mitochondria are the main source of intracellular reactive oxygen species (ROS) formation and integrally involved in oxidative stress and cellular injury (11, 12) . Some (20) with modifications. As more than 90% of algae were Microcystis aeruginosa, it is believed that microcystins were the main toxins extracted. Briefly, lyophilized algae cells (25 mg) were first dissolved in 2.5 ml nbutanol:methanol:water (1:4:15, v/vlv) with high-speed stirring at room temperature for 1 hr, followed by centrifugation at 16,000g for 30 min. The precipitant was reextracted two more times as described above. The supernatant from three extractions was pooled and evaporated to dryness at 560C, and then dissolved in 5 ml 20% methanol. The extracted Detection of intracellular ROSformation. MCE-induced ROS formation was measured by using a fluorescent probe, DCFH-DA, as established earlier in our laboratory (22 Figure 1 . The majority of the untreated cells after 12 hr of incubation remained as a monolayer with polygonal or oval shapes, extended pseudopodia, and visible nuclei (Fig. IA) . In contrast, cells treated with MCE for 12 hr became spherical and detached from the cultured flasks, without any pseudopodia (Fig. 1B) .
MCE-enhanced ROS Formation in Primary Cultured Rat Hepatocytes
Both the dose-and time-dependent changes of ROS production induced by MCE in primary cultured rat hepatocytes were studied, and the results are shown in Figure 2 . In the dose-response study, a significant difference from the control group was noted in cells treated with moderate and high concentration of MCE (equivalent to 12.5 and 125 pg lyophilized algae cells/ml, respectively; Fig. 2A ). The timecourse changes of ROS production in both control and MCE-treated hepatocytes are presented in Figure 2B . Even in the control group, DCFH-DA fluorescence intensity increased substantially during the 4-hr incubation period. Nevertheless, the fluorescence intensity in MCE-treated cells was significantly higher than the control group from 1 hr onward. At the end of the test (4 hr), the DCFH-DA fluorescence intensity in the treated cells was about 50% higher 
MCE-induced MMP Changes in Primary Cultured Rat Hepatocytes
Using the confocal laser scanning imaging system, the fluorescence of Rh-123 was visualized in the cytosol of hepatocytes, and the cytoplasmic structures stained with Rh-123 appeared to be typical of mitochondria (Figs. 3 and 5) . Figure 3 shows the confo- nuclei was observed in any of the three treated groups.
In the time-course study, hepatocytes were exposed to a concentration of MCE (equivalent to 125 pg lyophilized algae cells/ml) up to 120 min, and the results are shown in Figures 5 and 6 for confocal images and Rh-123 fluorescence intensity, respectively. The data showed an initial increase of Rh-123 fluorescence intensity at 30 min, and a progressive reduction of fluorescence intensity was found 30 min onward. At the end of the test (120 min), the fluorescence intensity of Rh-123 was only about 50% of the control value, and the nucleus was stained by PI, indicating the loss of cell viability. In contrast, no Rh-123 fluorescence intensity changes were observed in the control cells throughout the whole incubation period.
Discussion
Mitochondria are known to be vulnerable targets of various toxins because of their important role in maintaining cellular structures and functions. The functional alterations of mitochondria are usually manifested by the changes in MMP. In recent years, using Rh-123 to study MMP changes has become a valuable tool in assessing mitochondrial damage (18, 19) . Rh-123 is a cationic fluorescent probe which accumulates electrophoretically in the strongly negatively charged matrix of mitochondria, and the mitochondrial Rh-123 fluorescent intensity changes (17) . In the present study, the involvement of mitochondrial damage in the hepatotoxicity of cyanobacteria was demonstrated by the dose-and time-dependent changes of Rh-123 fluorescence intensity in primary cultured rat hepatocytes exposed to MCE (Figs. 3-6 ). These findings are basically consistent with earlier studies showing the functional and morphological mitochondrial alterations caused by microcystins (13) (14) (15) (16) .
At present, there is no clear evidence to suggest the exact mechanism for the adverse effects of cyanobacteria or microcystins on mitochondria. Some earlier studies indicated that ATP depletion might be involved in this process (14, 24) . For instance, Pace et al. (14) found that after the rat liver was perfused with microcystin-LR, one of the major toxic compounds produced by cyanobacteria, the isolated mitochondria displayed more than 50% inhibition ofcellular respiration.
In the present study, an elevated level of intracellular ROS formation was noted in primary cultured rat hepatocytes exposed to MCE (Fig. 2) 
